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INDUCTION PLASMA HEATING: 
MEASUREMENT OF GAS  CONCENTRATIONS,  TEMPERATURES, 
AND STAGNATION  HEADS I N  A BINARY PLASMA SYSTEM 
By Pe ter  H .  Dundas 
SUMMARY 
An experimental   investigation  has  been  made of the  degree of mixing 
between a radio-frequency  induced  argon plasma arc (heat  addition  region) 
and  a surrounding  sheath of a i r  or hydrogen  with  air/argon mass rat ios  of 
0 . 6 ,  5 .55  and 19.7 and a hydrogedargon mass ratio of 1.67. Comparison 
with  mixing  experiments  conducted  without  heat  addition  but  with  identical 
gas flows  show  that  the  plasma  eliminates a l l  turbulent  recirculation  pres- 
ent   in   cold  gas   f low  and  appears  to behave   a s  i f  it had a def ini te   skin  or  
boundary  similar to a gas/liquid  interface. 
Temperatures  have  been  measured  spectroscopically  for  the  air/argon 
mixing systems. It is interesting to note that the plasma is virtually con- 
fined to the argon core gas with hot mixing patterns resembling those ob- 
tained with coaxial flows where diffusion is dominant. The maximum temp- 
eratures  have  been  found to be  not  on  the  centerline a s  predicted  by  theory 
and  observed  experimentally  by  others.  
Velocities were  not  obtained for this  complex system  s ince  they 
were extremely low. Nevertheless stagnation pressure heads were mea- 
sured with a two liquid manometer sensitive to .001 in. water. 
This  work  presents  the first observations of mixing  and tempera- 
ture for an  induced  low  velocity  argon  plasma  operating as  a heater  for a 
high velocity annulus of a i r  or hydrogen. 
INTRODUCTION 
The  concept of using a fissioning  core of slowly  moving  uranium  gas 
to hea t   an   annular   shea th  of high  velocity  hydrogen  in a nuclear  propulsion 
unit   for  deep  space  f l ight  was  presented by Weinstein  and  Ragsdale  in 1 9 6 0  . 1 
Since  then,  much  research  has  been  directed to the  problems of radiant   heat  
transfer, fluid mechanics and reactor physics problems that need to be   so lved  
before  an  optimum  design  can  be  made. 
In  the  design,  the  heated  hydrogen is expanded  through a nozzle  to 
provide the thrust. One important assumption that needs to be experimentally 
verified  and  which is the  key to the  economic  realization of the   gas  core con- 
cep t ,  is the  degree of mixing between the slowly moving uranium core and  the 
hydrogen propellant. Obviously, the loss of uranium should be zero and it 
would be most   desirable  to have  a transparent  container  for it. In  practice,  
however,   such a container would be subjected to severe  nuclear  and  thermal 
radiation. I t  is therefore likely that some wil l   be  lost with the hydrogen through 
the nozzle. Laminar mixing theory, which is reasonably accurate ,  at least for 
isothermal  conditions,   indicates  that   the  mixing  might  be a t  an  acceptab le  
level. However, the uranium plasma system is so complex that reliance on 
theory  alone is undesirable.  
The fissioning  uranium  can  be  simulated  quite  satisfactorily by the  
induction plasma system . In the TAFA laboratories , a low velocity argon 
plasma is induced in the center of a high velocity hydrogen stream. The ob- 
ject of the  present  studies is to experimentally  determine  the  degree of mixing 
between  the  argon  plasma  and  the  annular  hydrogen  sheath,  then to  measure 
temperatures  and  velocit ies  within  such a system for certain sheath/core mass 
ratios. In order to avoid  the  safety  hazards   associated  with  heated  hydrogen,  
a i r  is used  in most of the  work to  simulate  the  hydrogen. 
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CONCENTRATION PROFILES 
The  ability to de tec t   the   p resence  of different  gases  in  an  unknown 
flow  system  by a fast   comparison of thermal  conductivities of the  mixture 
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with a known  reference gas is probably  the  main  reason  why gas chromatog- 
raphy is now used so widely a s  an  analyt ical  tool. Through the gas chroma- 
tography  industry, a very sensitive thermal  conductivity  detector  has  been 
developed. For the  present   s tudies   the  detector   sect ion of a Perkin E l m e r  
Model 900  research chromatograph was used without modifications.  It u s e s  
four  tungsten-rhenium  filaments  connected  in a bridge  circuit  and  mounted in 
a s t a in l e s s  steel block, located within a cast aluminum housing. Its temp- 
erature  can  be  controlled  and  maintained by the  proportional  controllers  with- 
in the instrument.  Of course,  the parti t ioning column of t h e  gas chromato- 
graph is not  used  since  the  f low  system  under  investigation  consists of jus t  
two  gases .  
There is a l inear  relationship  between  thermal  conductivity and mass 
concentration of the  minor  component of a binary gas mixture  providing  the 
concentration of this minor component is below 10 percent3.  In gas chromato- 
graphic   ana lys i s ,   th i s  is no problem since only very small samples  are  used.  
However,   when  using  the  detector to  measure  air/argon mixtures, where  the 
air concentration can vary from 0 to 100 percent ,   precaut ions  are   necessary 
to  avoid  the  detector from seeing  anything  greater  than 10  percent   a i r .  A con- 
stant  bleed of re ference   gas ,   a rgon   in   th i s  case, is therefore  used to dilute 
the sample continuously j u s t  a s  i t  enters  the detector  (see Fig. 11). 
The  thermal  conductivity  detector  system  used  has  proved  to  be a 
most  reliable  and  simple  device  and  has  permitted a most detailed  investiga- 
tion of the  mixing  phenomena  between a plasma  and a cooler   gas .  
Induction  Plasma  Generator 
The apparatus  used to generate  the  argon  plasma  completely  within 
a shea th  of cooler g a s   w a s  a standard TAFA Model 66 sheath torch, It is 
shown in Fig. 1.  I t  comprises  four  separate  sect ions.  A t  the  rear ,  the gas 
mixer  section  contains  three  inlets  for  argon gas and  certain  water  cooling 
p a s s a g e s .  Argon from the   th ree   in le t s  is passed  to  a special ly  designed 
nozzle containing three series of small orifices. One  ser ies  d i rec ts  the  
argon  axially  into  the  torch,  another  permits  the  argon to flow  radially  out 
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t o   t he   wa l l  of the  central   tube  and  then  axially  into  the  torch,  and a third is 
designed to impart vorticity to the incoming gas. By selecting various mix- 
tures  of these  three  f lows,  any  degree  of  vorticity  can  be  created  in  the cen- 
tral argon gas stream. Figure 3 shows the gas flow arrangement.  
The second  main  torch  section  houses  the metal separator,   the  water 
cooled  segmented metal wall  which  isolates  the  upstream  argon from the  annu- 
lar   sheath  gas  ., It is shown in Fig e 4 e The metal separator is a cylinder of 
water  cooled  metal  tubes i n  order  to  provide a wall   which  can  withstand  the 
enormous  heat  fluxes  (around 2500 Btu/ft2sec) in  close  proximity to the  plasma 
fireball   yet   be  transparent  to  the rf field  even  though  made from highly  conduc-- 
tive copper. If the wall  were a water cooled solid copper cylinder, the rf field 
would  induce a peripheral  current  in  the metal and  absorb  all  the  induced  power. 
Sauerisen  cement is used  to  fill the  gaps  between  individual  tubes  to  prevent 
gas   seepage  from the  core   to   the  sheath.  
The  third  section  contains  the rf coil   and a water  cooled  quartz  tube 
which forms the containing wall for the plasma/sheath gas sys t em.  The main 
body of this   sect ion is made from teflon,  noted  for  having  superior  dielectric 
properties that  are necessary for u s e  in high frequency environments. Figure 
5 shows  the metal separator  located  within  the  torch  body,  which,  for  the  sake 
of clarity  in  the  photograph, is made from transparent  acrylic.  
The f inal   sect ion is the water cooled copper nozzle. In this case the 
nozzle  serves to  hold  the  water  cooled  quartz  tube  and is the same diameter. 
The plasma  device is connected  to  the  tank  circuit  of a radio-frequency 
generator  supplied  at  9 0  kW plate power and operating a t  2.5 - 4 .5  MHz. A 
simplified circuit is shown in Fig 6.  A tr iode  oscil lator  tube is fed with a d c  
plate  vol tage,  which,  a t  fu l l  power, is 1 2  kV. Feedback to the grid of the tube 
from a tuned  plate  tank  circuit ,   part  of which is the  plasma  generator rf coil, 
produces the required oscil lating conditions.  The tube operates  in  “Class  C 
Telegraphy” and conducts for only llOo of each  cycle .  A high rf current is in- 
duced in  the  tank  circuit  and  flows  through  the  plasma  generator rf coil.  This , 
i n  turn,  produces  an  even  higher  current  in  the  plasma  skin  which  can be liken- 
ed  to a single turn secondary within the torch rf coi l .  The inductance  and ca- 
paci tance  in   the  tank  c i rcui t   are   adjusted  to   produce  an  impedance  match.  Var- 
ious  f i l ter   networks  are  provided  to  prevent rf power from reaching  the  rectifier 
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sect ion of the  power  supply  and  to  prevent  dc  leakage from the  osci l la tor  
plate. The plasma generator was tested for the three designed air/argon 
mass rat ios  of 0 .6 ,  5.55 and 1 9 . 7 .  Power lost  to  var ious sect ions of the 
whole  system  were  recorded  by  calorimetric  methods  and  are  shown  in  Table 
I. In  each case approximately  13-1 6 kW of energy  was  delivered  to  the 
plasma.  
Diagnostic  Apparatus 
For  the  present  diagnostic  studies  the  plasma  torch  was  arranged  to 
bum  horizontally  into a water  cooled  chamber  which  contained  the  probe 
system. The apparatus is shown in Figs. 7-9.  A 1 2  in .  sect ion of 6 in .  
diameter  clear  fused  quartz  electrically  isolates  the plasma unit from the 
main chamber which is constructed from a standard 12 in .  pipe cross .  The 
sampling  probe is supported  in  one of the  f langes.  
The degree of mixing  between  the  argon  plasma  core  and  the  outer 
shea th  gas was  recorded by continuously  withdrawing  point  samples  through 
a water  cooled  probe  and  thence  to a calibrated  thermal  conductivity cell. 
The diagnostic probe is shown in Fig. 1 0 .  I t  consis ts  of three concentric 
copper  tubes  fabricated  in  such a way  that   the  central   tube  which  carries  the 
gas sample can be water cooled. The end section is .187  in .  0.d.  and the 
sample gas passes through a tube .030 in .  i .d .  This  sect ion is supported 3 
i n .  off a rotation axis by a 1 .62  5 in.  o.d . water  cooled  copper  cantelever 
s y s t e m .  Since the probe end is in  contact  with  the plasma it picks up a n  rf 
potential and must be isolated from ground. Teflon bushings accomplished 
this.   I t   was  found  during  the  course of the work that at least 1 in.  of teflon 
surface  and  not less than 0 . 2  in .  of teflon  thickness  was  required  between 
any  point  on  the  probe  unit  and  the  grounded 12  in.   cross  chamber  to  prevent 
random arc-over. 
The  probe is moved across  the  plasma  containment  tube  by a gearing 
system  driven  by a d c  motor.  Microswitches  fitted  to  the  probe  reverse its 
motion at the end of each traverse.  The motor and gearing system are mount- 
ed  on a la the  table  so that  the  probe  can  be moved to  prescribed axial posi- 
t ions  within  the plasma torch.  The  probe  end  traces  an  arc as it moves  across 
the  plasma tube. Figure 2 shows the mechanics of this system. 
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The gas   sample   passes  from the probe to a flow system and  then to a 
calibrated  thermal  conductivity cell, part  of a Perkin Elmer Model 900 research  
gas chromatograph. This is shown in Fig. 11. A prese t  flow of argon Deference 
gas   di lutes   the  sample so that  the  concentration of air delivered to the  thermal 
conductivity cell never   exceeds  10  percent   even  though  the  actual   sample a t  
times contains  over 90 percent. This is to assure   tha t   there  is a linear depend- 
ence  between air mass concentration  and electrical output of the cell. Samples 
were  checked by calibration  with  standard  mixtures  and are described  below. 
Calibration  Procedures 
The  thermal  conductivity cell was   ca l ibra ted  for the  air/argon  experiments 
using argon as  the reference gas. Pre-calibrated mixtures of air and argon were 
fed to the  plasma  equipment  and  the  probe  was  used to withdraw a continuous 
sample.  The sensit ivity of the  instrument   was  adjusted so  that  100 percent 
argon  produced  no  output  and 1 0 0  percent  air   produced a full  scale deflection. 
It was  found  that   there  was a l inear  relationship  between  the  recorded  deflection 
and  the mass concentration of air, providing  sufficient  argon  was  bled  into  the 
sample stream a t  a cons tan t  rate to di lute   the  a i r   concentrat ion to a mixture 
of 10 percent.  
For  the  hydrogen/argon  experiments , hydrogen  was  used as  the refer- 
ence  gas and the above procedures repeated. 
Experimental Procedure 
These  studies  were  conducted a t  an  approximately  constant   input   plate  
power of 35  kW.  Start-up  procedure  was  routine  and  accomplished  in  the fol- 
lowing manner. The power  was  activated  and  allowed to go through its prese t  
timed warm up cycle. Pressure interlocks were provided in a l l  external water 
cooling  and  gas  supplies so that  the  high  voltage to the  plate of the oscillator 
tube  could  not  be  applied  until  the  plasma  equipment  was  ready to receive  power. 
The  argon core flows  were  adjusted to about  135  SCFH  with 60 percent of this  
a s  tangential input. The plate voltage was then applied in readiness for plasma 
ignition 
The plasma was ignited with an externally applied dc arc. A 50 volt 
100  amp  dc  welding  generator  was  connected to an  insulated  holder   that   con-  
tained two 0.25 in. diameter graphite electrodes. The holder was constructed 
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so that  the  electrode  ends  could  be moved apart  under a spring  force from a 
rest   posit ion  where  they  were  in  contact.  The holder  was  held  within  the rf 
coi l ,   wi th   dc  appl ied  to   the  e lectrodes.  A dc   a r c   was  formed  by  separating 
the  e lectrodes.  At  this moment the rf power  was  applied  and  the  output  con- 
trol advanced  slowly. A s  soon as  the rf power had coupled to the dc arc and 
was self sustaining, the dc arc holder w a s  removed. This self sustaining 
point  was  evident from the  current  and  voltage  readings of the rf power  gen- 
erator  and a characteristic 360 cycle modulation note of the rf plasma. The 
rf power  controller  was  then  advanced  to  approximately  35 kW and  the core 
and  sheath  f lows  adjusted  to  the  particular  requirements of the  experimental 
run. Gas flows were measured at  50 psig with calibrated rotometers. 
The axial  posit ion of the probe was noted. The first  axial  posit ion 
was generally at  the entry plane j u s t  ahead of the metal separator. The probe 
motor was then  controlled  to move the probe across the plasma tube a t  two 
inches per minute,  corresponding to the recorder chart  speed. This enabled 
fu l l  scale concentration profiles to be generated continuously. Microswitches 
were  adjusted  to  reverse  the  probe  direction  when it reached  the  plasma  tube 
wal l .  At the end of two t raverses   a t   each  axial   posi t ion,   the   probe  was moved 
to  the  next  designated  axial  position  and  the  concentration  profiles  were  gen- 
erated continuously as before.  Two traverses were made to test  the  reproduci- 
bil i ty of the data. However, no problems were encountered. The thermal con- 
ductivity cell calibration  points  were  checked  with  argon  and  air   at  the  begin- 
ning  and  end of each  run.  
Generally,  f i v e  axial  posi t ions were chosen at  half  i nch  intervals.  Data 
from these f i v e  posit ions  were  used to construct  the  mixing  maps  described  be- 
low.  For  each set  of gas flows the probe was used to investigate the mixing 
within the plasma tube without the plasma present.  Thus ,  "hot flow" and "cold 
flow" mixing maps were constructed for several sheath/core gas mass  ra t ios .  
Results 
Mixing maps of both ' 'hot" and "cold" profiles were generated for three 
air/argon mass ratios,  0.6, 5.55 and 19.7,  and one hydrogedargon mass ratio,  
1 . 6 7 .  They are shown in F igs .  1 2  through 19 and certain relevant data is 
summarized in Table I and is self explanatory. An approximately constant in- 
put power w a s  applied in all plasma runs. However, as the calorimetry shows, 
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this   does  not   resul t   in   constant   power  in   the  plasma  due to changing  plasma 
resistivity and diameter.  Nevertheless,  the plasma power levels are of the 
same order of magnitude  and  give  meaningful  data  when  referenced to the 
simulation  requirements of the   gas  core reactor motor. 
Discus.sion  and  Conclusions 
The amazing difference between the ' 'hot" and "cold" mixing profiles is 
readily apparent from Figs .  1 2  through 1 9 .  It can  be  seen  that   the   gross  re- 
circulation  pattern of the  isothermal  f low  systems is completely  eliminated  when 
the  plasma is present  even  though  the  upstream  flow  conditions are ident ical  
for both experiments. The recirculation of the "cold" profiles is due to the vor- 
ticity imparted to the argon core gas.  This vorticity was used, however,  because 
it was  found to produce  the  argon core upstream  flow  pattern  necessary for opti- 
mum plasma stability a t  ignition. An additional  "cold"  f low  experiment  was  per- 
formed to test this   hypothesis .  A 0 . 6  mass ratio air/argon flow system w a s  set 
up  and  every  effort   was  made to eliminate vorticity. The tangential argon inlet 
was  not  used  and glass wool  diffusers  were  used  upstream of the  probe  unit to 
insure axial laminar flow. The result is shown in Fig.. 2 0 .  This pattern is 
similar to that  predicted  by  diffusion  equations  for  laminar  f low.  I t   can  be  seen 
that the ' 'hot' '  profiles, even at a mass ratio as high as  1 9 . 7 ,  are  similar to 
this  laminar  pattern  even  though a high  degree of vorticity exists in  the  upstream 
flow. What is the explanat ion? 
The  main  conclusion  which may be drawn is that   the   plasma  possesses  a 
well defined boundary or interface similar to a gas/liquid interface. This 
boundary allows diffusion but not gross recirculation. Movie photographs taken 
axially  show  no  plasma  rotation a t  24 frames  per  second or a t  3000 frames per 
second and ,  in  fact, show remarkable stability. The "cold" flow experiments 
show  that  the  mixing is a strong  function of the  vorticity  present  whereas  the 
"hot" flow experiments show the opposite. One must therefore be wary of ex- 
trapolating  "cold"  flow  data to yield  meaningful  "hot"  f low  conclusions.  
TEMPERATURE PROFILES 
Introduction 
The  measurement of plasma  temperatures  has  been  the  subject of several  
8 
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books . For gases such  a s  argon, oxygen, nitrogen and hydrogen, the 
concensus of opinion is that  temperatures  are most accurate  when  they 
are   der ived from measurements of absolute   intensi t ies  of cer ta in   spec t ra l  
lines. This method can be used only when absolute oscillator strengths 
are known for the lines in question. Argon plasma has been studied in 
great detail  by a number of researchers .  A recent publication presents 
the latest data for argon, oxygen and nitrogen. Temperatures were mea- 
sured  using  several   spectral   l ines  for  plasma a t  various power levels. 
The  continuum  radiation  as a function of wavelength,   was  then  calibrated 
aga ins t   these   va lues .  A s  a resu l t ,  it was possible to estimate plasma 
temperatures  accurately  by  measuring the continuum  intensity a t  a particu- 
lar wavelength that contained no spectral  l ines.  Previously,  a scan had to 
be  made  across  the  chosen  spectral  line so as  to  determine  the  intensity of 
the  continuum  at   ei ther  side of the line. This continuum measured as a de- 
flection  on a recorder  chart   was  then  subtracted from the  deflection  due  to 
the line plus the continuum. This gave the line intensity. 
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It can  be  seen  that   the  new  data of Morris, Krey and  Garrison 5 
greatly s implif ies  the measurement of argon plasma temperatures. Only one 
intensity  measurement  at  a predetermined  fixed  wavelength is required  com- 
pared with a t i m e  consuming scan over a particular spectral  l ine.  The only 
prerequisite is that  the  spectrometer  used  in the data  acquisit ion is capable  
of resolving  the  spectrum so that  the  actual  continuum  measurements  are  not 
influenced by nearby l ines.  In the present studies a Beckman DK1-A instru- 
ment  was  used. The slit width of the  unit   was  adjusted so tha t  measurements 
taken of the  argon  continuum  at  428.5 mp were  not  influenced  by  neighboring 
l i n e s   a t  4 2 7 . 2  m p  and 430.0 mp. 
The  temperatures  measured  in  this  study  were all derived  from  argon 
continuum measurements a t   4 2 8 . 5  mp.  Various chordal intensities were 
measured  and  then  converted  into  radial  intensities  by  the  Abel  inversion 
technique. The mixing data determined earlier was then incorporated to give 
actual   radial   in tensi t ies  of the argon. These intensit ies were then referenced 
aga ins t  a standard  tungstediodine  lamp  to  yield  plasma  temperatures.  
Apparatus 
The  plasma  generator  used  in  the  temperature  studies  was similar to 
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that  described  in  connection  with  the  mixing  experiments.  The  central 
sect ion of a standard TAF'A Model 66  induction  torch,  however,  was  modi- 
f ied  to allow visible inspection of the plasma fireball (arc). The modified 
system is shown in Fig. 2 1 .  A double quartz wall arrangement was used to 
provide  an  annulus of water  for  cooling. A f i v e  turn rf coil  around  the  outer 
quartz  tube  was  adjusted  to leave sufficient  space  between  turns  to  al low 
intensity measurements to be made at  several  longitudinal posit ions.  The 
plasma  generator  was  mounted  horizontally as  in  the  mixing  studies  and  con.-  
nected  to  the 1 2  in.   cross  chamber by a 6 in.   diameter  clear  fused  quartz  tube.  
A fiber  optics  system  was  used  to  transport   radiant  energy from the 
plasma to the entrance slit of the spectrophotometer. It is shown in Fig. 
2 2  and 23. A collimator head was mounted on a heavy duty movie camera 
tr ipod  specially  f i t ted  with a 2 i n .  micrometer dial gauge e It   was  thus  pos- 
s ible   to  move the  collimator  accurately  and  reproducibly  to  preset  chordal 
posit ions.  F i v e  longitudinal positions were provided to coincide with the 
spaces between the rf coil .  Measurements taken of chordal  intensi t ies  a t  
these f i v e  posit ions  consti tuted the  raw data for the temperature maps to be 
presented later. The collimator head was connected to a six foot length of 
0 25 in .  diameter fiber optics Since it is a character is t ic  of th i s  device 
to   disperse   energy  a t  its end  over a 60' angle ,  a high  quality  lens system 
was  used  to  reimage  the  end of the  f iber  optics  tube  on  the  entrance  sl i t  of 
t he  spectrophotometer. The 60° dispersion required the use of f:l l enses   t o  
ensure maximum capture of the  available  energy. 
The spectrophotometer used was a Beckman DK-1A instrument. It 
contained a quartz  prism  monochromator  and  had a resolution of 2 angstrom 
with  an  entrance slit width of 0 .  I mm as   used   in   the   p resent   s tud ies   a t  a 
wavelength of 428.5 mp.  A 1P28 photomultiplier w a s  used  to   detect   the  
selected  428.5 m p  radiation. 
Calibration  Procedures 
Certain  calibration  and feasibility s tudies   were   necessary   a t   the  
onse t  of the  temperature  studies  to  ascertain the  optimum procedures to 
be adopted. The fiber optics scheme eliminated many alignment problems 
but it was  not  known  whether its wavelength  ' 'window"  was  wide  enough 
to  accommodate  the  particular  wavelength  region  under  study  nor  whether 
the  a t tenuat ion  associated wi th  multiple  internal  reflections  would  be so 
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drastic a s  to render it u s e l e s s .  A t ransmiss ion   scan   was   made  as  is shown 
in Fib. 24. It shows  that   there  is a sharp cutoff around 400 mu but suf- 
f ic ient   t ransmissivi ty  a t  428.5 mu to al low its use  in  this  work. 
Another question arose early in   these  invest igat ions.   The  water   cooled 
annulus  in  the  plasma generator device  was  thick  enough to produce  discern- 
ib le  refraction effects so that  chordal  posit ions  measured a t  the  collimator 
head  did not truly  represent  the  chordal  posit ion  within  the  plasma. A l a s e r  
operating a t  632.8 m was   u sed  to plot the light path through the plasma sys- 
t e m .  N o  appreciable  refraction effect was  observed  unt i l   one  inch from the 
centerline.  Figure 25 and 38 shows the calibration arrangement.  The index 
of refraction is a function of wavelength  but its difference a t  428.5 mu from 
632.8 mu amounts to about  half  of one  percent,  within  experimental error. 
ll 
A small s tandard  source  was  placed  within  the  plasma  generator  to 
directly simulate the plasma. It cons is ted  of a standard Sylvania quartz- 
iodine (Model N o .  5OOQ/CL) lamp with a coiled tungsten fi lament supplied 
a t  120 volts, 60 cyc le .  It was calibrated by measuring its brightness temp- 
erature   with a Leeds & Northrup optical pyrometer  certified  by  the  National 
Bureau of Standards.  It had a brightness temperature of 2740°K a t  1 2 0  volts 
ac input. 
Severa l   spec t ra l   scans   were   t aken  of the  plasma to f ind  an appro- 
priate  wavelength to u s e  for the  temperature  measurement  experiments * A 
scan measured with the f iber  optics in  s i tu  is shown in Fig. 2 6 .  I t  shows 
good resolution, especially with the group of argon lines around 420 m p .  The 
point marked a t  428.5 m was chosen for subsequent experiments as  the con- 
tinuum wavelength used to determine plasma temperatures. The spectropho- 
tometer entrance slit w a s  set to .01 mm.  and  af ter   ini t ia l ly   scanning  the  argon 
plasma the wavelength was set to 428.5 m using the argon lines a t  427.2 mp  
and  430 .O mu as calibration  points.  
P 
l-l 
Experimental  Procedures 
The  plasma  was  init iated as  described  earlier  in  the  mixing  studies.  
Gas  f low rates and  power levels were  adjusted to conform to exact dupl icates  
of the  mixing  runs.   Chordal  intensit ies  were  measured a t  e a c h  of f i v e  long- 
i tudinal posit ions a t  intervals of 0.25 c m .  The fiber optics collimator head 
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was  moved vertically to a ser ies  of posi t ions,   cal ibrated  with a laser   previously 
for refraction effects. These vertical positions were accurately reproduced by 
using the micrometer dial gauge arrangement shown in Fig. 25 and 26 .  Before 
each  longitudinal  position  the  plasma  was  extinguished  and  the  standard  lamp 
intensity  rem  rded  under  identical   f iber  optics/spectrometer  conditions.  
The  chordal  intensities  were  fed  into  an IBM 2741 communications terminal 
l inked  to a 360 computer in New York City.  A program  system,  described  later,  
converted  these  chordal   intensi t ies ,   entered as recorder  chart   divisions,   into 
radial  intensi t ies .  These radial  prof i les  were then converted to  absolute  rad-  
iant f lux profiles by comparison with the tungsten standard. Finally, the rad- 
iant  flux  values  were  converted  to  absolute  plasma  temperatu es using  the 
calibrated argon continuum data of Morris, Krey and Garrison . The continuum 
in tens i ty   a t   428 .5  m a s  a function of temperature from reference 7 is shown 
in  Fig. 27.  Y 
5 
Analysis 
The  collimator  pick-up  head  insures  only  the  energy from a particular 
column of plasma reaches the spectrophotometer detector. Thus, the energy 
from such  a columnar  volume of plasma  has  units  watt/cm 3 .p.sr. When  the 
plasma is simulated by the tungsten filament, the energy reaching the spec- 
trometer comes from a surface  and  has  units  watt/cm2  .p.sr. A t  f i r s t  it seems 
impossible  that   one set of units  can  reference  another  set ,   however,   the  chordal 
intensi ty  of each  columnar  segment is made  up of an  infinite  number of point 
sources at  an infinite number of radial   posi t ions.  The Abel integral transform 
enables  one  to  determine  the  radial  profile of such  point  sources from a ser ies  
of chordal  intensit ies  and  thus  yield  radial   point  intensit ies  with  units of 
watt/cm 2 * v o s r -  
The Abel  inversion  techniques  and its use  in  the  determination of plasma 
tempera tures is we l l  documented . The proven method of Freeman and Katz7 
was used in this work. The computer is used   to   f i t  a six or seven term poly- 
nomial  to  the  input  data  such  that it can  be  integrated  when  incorporated  in  the 
Abel equation. Such a form is 
6 
12 
where X is the chordal displacement from the centerline and ci are  the 
computed coefficients. When inverted by the Abel technique, a second poly- 
nomial is generated 
The  parameterR in the  above  equation is the  radius   a t   which t h e  plasma  in- 
tensi ty  is less than .5 percent of maximum. Th i s  value varies with the plasma 
system  and is not a constant  as  suggested  by  Freeman  and  Katz,   who  chose it 
to be the tube radius. They were investigating a more homogeneous system. 
It  was  found  that  when R w a s  made  to  equal  the  plasma  containing  tube  radius 
a seven  term  polynomial  would  fit  only  the  central  data  points  and  the  wings 
were not well represented. Choosing R as  described above solved this prob- 
l e m .  
Computer  Program 
A computer program called TAFAl was written in BASIC language  to  solve 
a system of simultaneous  equations in  order to produce the desired polynomial 
described  above.  Then it computed  the  coefficients of the Abel inversion and 
printed out the converted radial profile. Figure 28 shows the section of the pro- 
gram which performs the inversion. A typical computer printout is shown  in 
Fig. 29 .  Input parameters can be changed to print out the chordal and radial 
profiles at  any desired interval.  In the example shown in the figure,  this in- 
terval is 0 .  I c m .  A second  program,  called PLOT1 , avai lable  from the  computer 
l ibrary  was  used  to  actually  plot   the  chordal  or  radial   polynomials.  Examples 
of this  are  shown  in F igs .  30 and 3 1. 
In all cases, the  computer  generated  chordal  polynomial  was  checked 
against the plotted raw data. It was found from preliminary studies that ex- 
perimental  errors  in  observation  prevented  the  use of polynomial  with a degree 
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greater than seven. In fact, gross instabilities were produced when the data 
were fitted by high degree polynomials. It was soon evident that such insta- 
bilities  could  be  avoided  by  limiting  the  degree of the  polynomials to seven .  
Results 
Figures 32 and 33 show  chordal  and  radial   profiles  at  the f i v e  preset  
longitudinal  positions  for  the  gas  system  comprised of 135 SCFH  argon  core 
a n d - l l l  SCFH a i r  shea th ,  a sheath/core mass ratio of 0 . 6 .  The radiation 
intensity,   recorded  as  recorder  chart   paper  divisions,   was  calibrated  with a 
standard source as described earlier.  I t  was found that the 2740°K source 
produced a deflection of 6 divisions  at   428.5m , indicating  that   each  divi-  
s ion of the  recorder  chart  paper  was  equivalen P to  0.474  watt/cm .I". s r .  
The radial  profile  data  was  then  replotted  as  shown  in  Figure 34 to  yield  an 
isotherm map of the plasma within the apparatus. Similar temperature maps 
are   presented i n  F igs .  35 and 3 6 for  air/argon  mass  ratios of 5.55  and  19.7 
corresponding  to  the systems studied  earlier  to  yield  concentration  profiles.  
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Hydrogedargon  runs  were  not  made. An explosion  hazard  exis ted  due 
to   possible   arc   out  of the  plasma  during  the  relatively  long  length of running 
time  needed to produce  the  chordal  profiles. 
Discussion  and  Conclusion 
The  temperature  maps  reveal  the off center  temperature  maxima  similar 
to  those  reported by Donskoi8,  Johnston',  and  Dymshits  and  Koretskll "10 . 
Although the plasma axis is cooler  and  appears  dark  to  the eye when  viewed 
end-on through a dark  f i l ter ,  it is, in  fact ,   only  about 1 0  percent  lower  than 
the maximum. Temperatures below 8500°K isotherm, however,  serves a s  a 
good plasma boundary. The effect of increasing  the mass ratio of a i r   shea th  
to  argon  core is dramatically portrayed in  the  difference  between Fig .  35  and 
36. It is interesting to note that the mixing data was not needed for the first 
two cases. Only with the high mass ratio did the air sheath reach high plasma 
temperatures and influence the radial profile of the argon continuum a t  428.5 m . 
An important  conclusion is that  for  the  most  part,  the  plasma is confined  to  the F 
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argon core gas and  the  differential   point  concentration of the air within  the 
plasma  rarely  exceeds f i v e  percent.  A t  the  high mass ratio of 19.7, however, 
the  plasma is severely constricted  and air sheath  concentrat ions do rise a t  
certain  points to as high as 20 percent.  
The  magnitude of the  temperatures  derived from the 0 .6  mass  ratio run 
were  checked by est imat ing total argon  radiation  based  on  these  temperatures 
using  the  radiation  data of Emmonsl I. Radiation  amounting to 2.4kW  was 
calculated using Emmons' data .  Heat  balance data  indicates  that  13.4kW 
were induced corresponding to a 17 percent radiation. This agrees with that  
found  for  other  one  atmosphere  argon  plasma at  these  temperatures.  
VELOCITY PROFILES 
Introduction 
The  determination of velocities in  a non-isothermal  binary gas system 
requires  knowledge of the  densi ty  a t  each  point  in  addition to the  measured 
static and stagnation pressure heads.  I t  was hoped that gas concentrations 
from  the  mixing  studies  together  with  densities from the  temperature  studies 
would be used in this way. However,  the induction plasma is a low velocity 
system and  the  pressure  heads  developed  amount to 0.  1 in. of water  maximum. 
Measurement of velocities was not achieved. However,  interesting measure- 
ments of stagnation  heads  are  presented. 
Apparatus 
In  order to measure small pressure  heads  accurately  two  methods are 
available. A micromanometer can measure to .001 inches of water.  A two 
liquid  manometer  depends  on  density  difference12.  Thus , i f  two immiscible 
l iquids are placed in a "U" tube as shown in Fig. 38 and there are large re- 
servoirs s i tuated a t  the top so that  the level of the top liquid  changes  very 
little , the  pressure  head  recorded by a change of the  interface is given  by 
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A P  = h,(p, -p)j 
where h, = interface  head 
QI = dens i ty  of bottom liquid 
= dens i ty  of top  liquid '' = accelerat ion due to gravity 3 
Iff - f'= = 0.1,   the   interface  head is 10  times that   read  on a water  mano- 
meter .  hese instruments  can be made v e r y  sensi t ive.  Ower12 suggests  that  
when  the  liquids are benzyl  alchohol ( Q =l. 048) and a 5 percent  calcium 
chloride solution ( Q  =I .037) the most sat isfactory  resul ts  are produced,yield- 
ing a device  about   100 times as  sens i t ive  as a water manometer. 
The very low velocities present   in   this  TAFA induction  plasma system 
have  necessi ta ted  the  use of a sensit ive  two  l iquid  manometer  capable of re- 
cording pressure heads as  low a s  .001 inches of water.  A manometer using 
benzyl alchohol and water was used. Reservoirs seven inches in diameter 
were  placed  above  the  unit   in  order to maintain  the  water level. With  this 
arrangement  an  instrument 20 times more sensi t ive  than a water  manometer 
was  achieved.  A cathetometer   was  used to observe the pressure head. 
Results 
The  probe  was  connected to the  manometer  and  moved to a position  two 
inches  downstream from the exit plane.   The  gas  f lows  were  then  adjusted to 
give 135 SCFH argon core (77 SCFH tangential and 58 SCFH radial)   and  1035 
SCFH a i r   shea th .   I t   was   no t iced   tha t   two to three  minutes  were  required  be- 
fore the manometer head stabil ized. The probe was then moved radially to a 
new position and the pressure head recorded. One complete profile of seven  
data points from the wall to the  centerline  was  obtained  in 1 6  minutes, the 
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t i m e  to consume a #1 cyl inder  of compressed air a t  1035 SCFH. The experi- 
ment  was then repeated with the plasma present. The resu l t s  are shown in 
Table I1 and  in  Fig.  39. 
The  "cold"  profile  shows a posit ive  head  near  the  wall  of .0189  inches 
of water. This corresponds to a velocity of 9.8 ft/sec. if the local static head 
is assumed to be zero. This assumption is thought reasonable since the air 
sheath  veloci ty  a t  the exit plane is 12 .95  ft/sec. However, as  the profile 
m o v e s  into  the  argon core, the vortex produced by the tangential flow is re- 
vealed  by  the  negat ive  heads  recorded.  
The "hot" profile is even  more complex. The pressure head is directly 
proportional to the  temperature   in  a ducted  system. 
where v = velocity 
AP = pressure  head 
D = gas densi ty  
k = constant  
Rearranging  this  equation 
where K is another   constant  
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Now in  a ducted sys  t em the  velocity is directly  proportional to the 
temperature  and  the  density is inversely  proportional to the  temperature 
so D =  b - 
where o- and b are constant ,  
T 
Significant conclusions may be drawn from the  hot   prof i le   data .  It 
appears   that   the  maximum temperature in the plasma occurs off center ,   agree-  
ing  with  the  f indings of the  temperature  studies.  Also, i f  the high velocity 
shea th  is confined to the  wal l  as  predicted  by  the  concentration  profiles, 
then the sheath temperature two inches downstream can be estimated. The 
recorded head a t  the  wal l   was .0879 inches of water,   which is 4.7 times the 
head recorded without the plasma present. Thus, the temperature should be 
about  4.7 times the  absolute room temperature  and  equal to 1400°K (llOO°C). 
This is certainly a feasible   value.  
Conclusions 
The  sensit ivity of the  two  liquid  manometer  can  be  used  only  with a 
spec ia l ly   des igned   water   cooled   p i to t   tube   and   even   then   much t i m e  is re- 
quired to obtain  the  data   s ince  the  response of the  instrument is so slow.  
An alternative might be the use of a tracer. Perhaps sub-micron particles of 
a refractory  oxide  could  be  injected  upstream  through a water   cooled  tube 
which  could  be  placed  in  various  desired  posit ions.   Then  high  speed movies  
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could be used to document the flight pattern. Individual particles might be 
located from frame to frame  and so reveal  point velocities within  the  plasma 
system. 
GENERAL CONCLUSIONS 
These  studies  have  shed  l ight  on  the  mixing  mechanism  between  an 
argon plasma and a concentr ic   sheath of air or hydrogen. It has been found 
that  an  apparent  interface exists a t  the plasma boundary  which  prevents  gross 
recirculation  mixing  between  the  outer  sheath gas and  the  inner core even  
though such recirculation existed just  before the plasma was ignited.  Tem-  
perature  measurements  have  only  enforced  the  above  hypothesis  since it was  
found that the plasma is almost wholly confined to the argon core gas .  The 
hardness  of the plasma interfacial  boundary  has  been  demonstrated a t  TAFA13. 
High speed photographs show 250 micron particles of tungsten bouncing off the 
plasma fireball .  
This  work  presents  for  the  first t i m e  a detailed  investigation of the 
interaction of a plasma with a cooler surrounding gas. It shows  that  plasma 
is wel l   represa  ted  by  the  phrase,   " the  fourth state of matter. I' 
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TABLE I 
CALORIMETRIC DATA 
Sheath gas 
Flow rate (SCFH) 
Core  gas  
Flow rate (SCFH) 
S heath/core  mass  ratio 
Tangential  flow  in  core 
gas  (%) 
Plate voltage (kv) 
Plate amperage (Amp) 
Plate  power (kW) 
0 scil lator  tube loss (kW) 
Tank  circuit loss (kW) 
rf coil and coaxial lead 
loss (kW) 
Metal separator loss (kW) 
Torch  wall loss (kW) 
Power  in  gas  leaving  torch(kW) 
Power  induction  in  plasma (kW) 
Air 
111 
Argon 
1 3 5  
0.60 
60 
8.4 
4 .O 
33.6 
1 5 . 6  
1.2 
3.4 
2.2 
2.5 
8.7 
13.4 
Air 
1 0 3 5  
Argon 
1 3 5  
5 . 5 5  
60 
9 .  I 
4.0 
36.4 
1 6 . 1  
I .4  
3.8 
1 .7  
1.9 
1 1 . 5  
1 5 . 1  
Air  
1 0 3 5  
Argon 
38  
19.7 
60 
9 . 6  
4 .O 
38.4 
16.7 
1 .8  
4.1 
1.2 
1.9 
12 .7  
15 .8  
Hydrogen 
3800  
Argon 
1 1 5  
1 .67  
60 
9.1 
4 .O 
36.4 
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~~~ ~ ~" 
Position 
(inches from centeriine) 
0 
.267 
.534 
.801  
1.068 
1 . 3 3 5  
1.602 
1 .737  
1.872 
TABLE I1 
STAG NAT IO N H EAD DATA 
Without  plasma 
(inches of water) 
- .0358 
- .0339 
"" 
- .0276 
"" 
- .0142 
- .0020 
+ .0099 
+ .0189 
With plasma 
(inches of water) 
+ .0658 
+ ,0938 
+ .0866 
+ .0331 
- .0232 
+ .0024 
+ .0473 
+ ,0796 
+ .0879 
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FIG. 14 
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MIXING MAP WITHOUT PIASMA 
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66 TORCH MODIFIED FOR USE IN TEMPERATURE 
MEASUREMENT EXPERIMENTS FIG. 21 
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FIG. 2 3  
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I 
This  section of the  proqram takes thegoefficientsB(),computed - 
-. .. . . . earlier,  and  performs  an  Abel  inversion to yield  new  coefficients  H(1). 
These  are  used to evaluate  the  chordal  profile Y and  the  radial  profile Y1. 
5 
3 - -  PORTION OF PROGRAM  TA Al 
~ . .. . .  FIG. 2 8  
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STOP. 
READY. 
1 1 2 0  R = 1 . 4  -=  Sets   rad ius  R at 1 .4   i nches .
1 DATA 7 4 Sets  number of simultaneous 
2 DATA  0,.2,.4,.6,.8,1,1.2 
RUN 3Sets   the   seven   chord   pos i t ions .  
T A F A l   0 9  : 4 0   0 2 / 2 4 / 6 9  KONDAY NY C 
equat ions to be   s even .  
ENTER RIGHT HAND S I D E  ... THE  CHORDAL I N T E N S I T I E S  
The seven   chorda l   in tens i t ies  
NEXT 2 VALUES?  .22 , .   04  corresponding to t h e   s e v e n  
chord positions set above .  
COEFFICIENTS CHORDAL I NTENS I T I E S  'Computer ca l cu la t e s   t he  
SPECIFY FIRST 5 VALUES? l,.gg,.gG,.g, . 0 8  1 
polynomial  coefficients.  
X( 1) = - 5 . 0 2 9 2 9 6 6 E - 0 1   1 . 0 0 0 0 0 0 E + 0 0  ' 
X (  2 )  = € .8794649E+OO 9.900COOOE-01 
X (  4 )  = 3 . 5 5 2 1 9 7 3 E + O l  g.OO0OCOOE-01 
x( 6 )  8.11856873E+OO 2 . 2 0 0 0 0 0 0 E - 0 1  
X (  3 )  = - 2 . 3 8 7 0 4 8 E E + 0 1  ~ . 6 0 0 0 0 0 0 E - 0 1  
X (  5> = - 2 . 5 1 4 2 9 7 4 E + 0 1  t.60~0000~-01 
X( 7 )  = - 1 . 1 0 4 7 8 7 4 E + 0 0  4.OOOOOOOE-02 
x, f! 
0 
1 . 0 0 0 0 0 0 0 0 0 E - 0 1  
2 . 0 0 0 0 0 0 0 0 C E - 0 1  
3 . 0 0 0 0 0 0 0 0 0 E - 0 1  
4 . 0 0 0 0 0 0 0 0 0 E - 0 1  
~ . 0 0 0 0 0 0 0 0 0 E - 0 1  
6.OOOOOOOOOE-01 
7.OOOOOOOOOE-01 
8 . 0 0 0 0 0 0 0 0 0 E - 0 1  
~ . 0 0 0 0 0 0 0 0 0 E - 0 1  
1 . 0 0 0 0 0 0 0 0 0 E + 0 0  
1.100000000E+00 
1 . 2 0 0 0 0 0 0 0 0 E + 0 0  
/ 
CHORDAL PROFILE 
 
9 . 9 9 9 9 9 9 9 9 9 E - 0 1  
9 . 9 7 5 7 9 5 4 8 9 E - 0 1  
9 . 8 9 9 9 9 9 9 9 9 ~ - 0 1  
9 . 7 7 1 7 2 4 7 7 8 E - 0 1  
g.6OOOOOOO0E-Ol 
9 . 3 7 5 3 4 1 0 1 6 E - 0 1  
9 . 0 0 0 0 0 0 0 0 0 E - 0 1  
8 . 2 3 8 4 2 4 9 0 3 E - 0 1  
4 . 6 1 9 6 6 2 5 0 5 E - 0 1  
2 . 2 0 0 0 0 0 0 0 0 E - 0 1  
5 . 7 8 0 3 5 1 4 6 0 E - 0 2  
4 . 0 0 0 ~ 0 0 0 0 0 E - 0 2  
t . 8 0 0 0 0 0 0 0 0 ~ - 0 1  
DO YOU HAVE  AbiOTtIER  CHORDAL PROFILE 
T I t,: E 0 KI tqS.  . 2 SECS. 
RADIAL   PROFILE 
C R t f S ) ?  0 
\ 
The CHORDAL PROFILE is 
the  computer  smoothed 
input  data. The RADIAL 
PROFILE is the  compute 
generated  Abel  transforma 
tion of t h e  CHORDAL 
PROFILE. 
TYPICAL COMPUTER OUTPUT 
FIG. 29 
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PLOT1 17 :29   02 /24 /b ,9  I'/IGNDkY N Y  c 
XMIN,XMAX? -1.2,l.Z 
NUMGER OF VALUES TO LE  PLOTTED? 49 
P L O T 1  10: 02 0 2 / 2 6 / 6 9  k!EDNESDAY KYC 
XMIK,XMAX?  -1.2,1.2 
NUMBER OF VALUES TO  EE PLOTTED? 4 3  
X M I N  = -1.2000E+00, XI.iAX = 1.2000E+00, X IIhCREEENT = !j.OOOOE-OZ 
YMIN = 2.3841E-04, YblAX = 5.8171E-01, Y 1,NCRECiEF;T = 9.6?1?E-n3 
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. x  PLOT OF T%%'OMPUTER GENERATED RADIAL INTENSITY PROFILE 
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CHORDAL PROFILE INPUT DATA 
AIR/ARGON MASS RATIO=O. 67 FIG. 32 
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3 0  
2 5  
2 0  
1 5  
10 
5 
a 
CALIBRATION FACTOR 0 .474  Wat t / cm .p. s r .  d iv .  2 
. 5  1 1 . 5  2 2.5  
. 10500 OK 
- 1 0 2 5 0  
’ 10000 
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COMPUTED RADIAL PROFILE 
AWARGON MASS RATIO = 0.67 
FIG. 33  
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